17 cm −2 of I( 2 P 3/2 ) atoms are produced from photodissociation of I 2 vapour at 290.5 K using 5 W of 532 nm laser light. Recombination of the I( 2 P 3/2 ) atoms at the cell walls is minimized by coating the cell surface with a hydrophobic silane (dimethyldichlorosilane/DMDCS). Operation at room temperature, and at an I 2 vapour pressure of ~0.2 mbar, without using a buffer gas, allows relatively low Lorentz and Doppler widths of ~2π × 1.5 (FWHM) and ~2π × 150 (HW at 1/e 2 ) Mrad/s, respectively, at the → 5 P 5 P°°2 3 2 2 1 2 / / M1 transition of atomic iodine at 1315 nm. These high column densities and low linewidths are favorable for parity nonconservation optical rotation measurements near this M1 transition. Furthermore, as the cell is completely sealed, this method of production of high-density 127 I( 2 P 3/2 ) atoms is also compatible with using iodine radioisotopes, such as for the production of high-density 129 I( 2 P 3/2 ).
The measurement of weak absorption or polarimetric signals, associated with forbidden transitions, requires large effective atomic or molecular column densities, typically of around ~10 15 cm −2 or higher. High atomic densities are usually produced using high-temperature ovens (such as for most metals). For example, parity nonconserving optical rotation was measured in Tl, Bi, and Pb [1] [2] [3] [4] , using column densities of ~10 19 cm −2 , produced by heating cells of length ~1 m to temperatures of about 1300 K (giving Doppler widths of ~2π × 250 Mrad/s). Discharge lamps are used to produce atomic radicals from diatomic dissociation, such as ~2 × 10 16 cm −2 O( 3 P J ) from discharge lamps using O 2 5 , and ~10 16 cm −3 I( 2 P 3/2 ) atoms from I 2 6-8 . However, both oven and discharge lamp methods usually require precursor and/or buffer gases, with pressures of around 20-50 mbar (giving Lorentz widths of about 2π × 20-200 Mrad/s).
PNC optical rotation has only been measured for Tl, Bi, and Pb, which all satisfy the following important criteria: strong and accessible M1 transitions (all happen to be near 1. . Together, these factors allowed the production of PNC optical rotation signals of ~1 μrad, and their measurement with a precision of about 1%. The maximum PNC optical rotation angle φ max is proportional to R; it is proportional to ρ c for small optical depths  (OD 1), and proportional to (ρ c ) 1/2 for large optical depths  (OD 1) 9 ; finally, φ max generally increases with decreasing Lorentz and Doppler widths 9 . Therefore, φ max can be increased by increasing R (i.e. by choosing a transition with large R) and ρ c (i.e. by maximizing the density and pathlength), while decreasing the Lorentz width (e.g. decreasing pressure) and the Doppler width (e.g. decreasing temperature). Not all of these changes can be performed simultaneously, and an optimum combination of these experimental conditions must be found.
Recently, our group has proposed a method for the measurement of parity nonconserving (PNC) optical rotation using a novel bowtie cavity [9] [10] [11] to enhance the effective column density by the number of cavity passes (~1000), while also introducing signal reversals which allow the isolation of the PNC signals from backgrounds.
The operation of the cavity has been demonstrated through the measurement of chiral optical rotation of gases, liquids, and thin films 12, 13 . This signal enhancement, and the background suppression and subtraction 10 proposed to compensate for this smaller value of R by using large cavity-enhanced pathlengths (~1000 m) to achieve column densities of about 10 20 cm −2 and higher, but also by generating the I( 2 P 3/2 ) atoms from the photodissociation of I 2 molecules using 532 nm laser light, at low pressure and near room temperature, so that the Lorentz and Doppler widths can be significantly reduced, to ~2π × 1 Mrad/s and ~2π × 150 Mrad/s, respectively. In addition, the production of high-density atoms through photodissociation at room temperature is more convenient and more compatible with an optical cavity experiment than using a high-temperature oven.
The aim of this paper is to demonstrate the feasibility of producing I( 2 P 3/2 ) atoms from I 2 photodissociation, at high single-pass column densities of at least 10 17 cm
, while also achieving low Lorentz and Doppler widths. This method depends critically on minimizing the sticking and recombination of I( 2 P 3/2 ) at the cell walls. We study the dependence of the produced atomic I( 2 P 3/2 ) density on the photodissociating laser power, and investigate the effects of varying molecular iodine density and of various coatings of the iodine cell walls.
Results
We consider the simplest possible model for the production of atomic iodine, assuming all iodine is either in the ground molecular state (denoted as I 2 ) or in the ground atomic state (denoted as I). We assume that the population of excited states of I 2 and production of I 3 molecules are negligible (such assumptions have been used in previous studies to determine the rate constant k r for the recombination of iodine atoms 16, 17 ). In this case, the rate equation governing the production rate of atomic iodine from photodissociating I 2 is given by 10, 17 : 18 , Φ the green laser photon flux, related to the power of the green laser,
, with A the cell cross sectional area, k r is the gas phase three-body recombination rate, and k w is the rate at which atomic iodine sticks to the cell walls, where it will eventually recombine into molecular iodine. We note that for the determination of Φ , the relevant area A is that of the cell, and not of the green laser beam (as the I and I 2 diffusion times are smaller than the time it takes the photodissociating laser to deplete the molecular iodine). This is corroborated by the observation that the I-atom density is largely homogeneous (we vary the overlap of the IR and green beams by parallel translation of the IR in the radial direction of the cell), and insensitive to the size of the photodissociating green beam (maximal variations in the I-atom density of less than 20% are observed).
The first term on the right-hand side of Eq. (1) quantifies the photodissociation reaction, I 2 + hν → I + I, where I ≡ I( 2 P 3/2 ), and is the term which creates atomic iodine. It depends on the density of iodine molecules, on the flux of photons from the 532 nm laser source, and on the photodissociation cross section. The second and third terms are destruction terms. The second term describes the three-body recombination reaction I + I + I 2 → 2I 2 , where two iodine atoms recombine in the presence of one iodine molecule. Other particles may act as third bodies in this process, but molecular iodine is by far the most effective 19 (in particular, the recombination rate for the 3I → I 2 + I is much smaller). The last term describes the sticking of iodine atoms on the container walls, i.e. I + wall → I wall . This process eventually leads to recombination of two iodine atoms into a molecule, i.e. I wall + I wall → I 2 , and is thus a source term for molecular iodine. The produced atomic iodine density depends on the photon flux of the photodissociating laser, Φ , the temperature, which has an impact predominantly on the molecular iodine density, [I 2 ], but also on the k r and k w recombination parameters, and thus on the chemical properties of the cell surfaces which come in contact with I and I 2 , and which determine the recombination rate, k w .
The steady state solution of Eq. (1) is:
In the absence of the photodissociating green photon flux, Φ = 0, at a given temperature and for a specific cell, and after equilibrium has been reached, the molecular iodine density, [I 2 ], is a constant determined by the vapour pressure of the solid iodine pellet inside the I 2 holder area, and the temperature of the coldest spot the iodine vapour comes in contact with. We measure the absorption of a low-power blue led (center λ = 466 nm, FWHM = 24 nm), to determine the density of the molecular iodine vapor inside the cell. We use the Beer-Lambert law,
, where P B,IN(OUT) is the incident (transmitted) blue led power, σ is the absorption cross section of I 2 , and l = 123 cm is the length of the cell. The lineshape of P B,IN (λ) comes from our own measurements of the spectrum of the blue led using an Ocean Optics USB4000 spectrometer, while the wavelength dependence of σ(λ) is from 20 . From the absorption measurements, we get [I 2 ] = (5.45 ± 1.9) × 10 15 cm
. Assuming literature values 21 , the ambient temperature corresponding to the measured density is found to be T = 290.5 ± 0.1 K.
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We aim at determining the dependence of atomic iodine density on the power of the photodissociating green laser, on the molecular iodine density, and on the different chemical coatings of the inner surface of the cell. To this end we acquire transmission spectra of the IR laser as its frequency is scanned across the
transition of atomic iodine, for various powers of the photodissociating green laser, for various coatings of the inner surface of the iodine cell, and for molecular iodine vapour densities corresponding to two different temperatures, 290.5 K and 273 K (for the same cell). The experimental setup used is described in the Methods section, and is a typical pump-probe setup, with the CW photodissociating green laser (pump) and the IR laser (probe) counter-propagating and overlapping. The produced steady-state density of atomic iodine, as well as the characteristic widths of the two main broadening mechanisms, are obtained by fitting the acquired IR transmission spectra using the atomic absorption theory briefly presented in the Methods section.
Absorption at Room temperature. We vary the green laser power up to its maximum value of 5 W and record the transmission spectra for the IR laser, as it is scanned across the
1/2 transition of I (see Methods section). Each of the transmission peaks is fitted independently, as shown in Fig. 1a , to yield a value for the density of atomic iodine. The produced atomic iodine density is plotted in Fig. 1b versus the incident photodissociating laser photon flux, for a dimethyldichlorosilane (DMDCS) coated cell, at T = 290.5 K. The fitting of the data in Fig. 1b is performed using Eq. (2) .
For the fit, we use the literature value for k r at T = 290.5 K, kr| 290.5K = 4.4 × 10 −30 ml 2 s −1 16 , and the measured molecular iodine density to obtain the wall-sticking rate, k w at 290.5 K:
From Fig. 1b we notice that the [I] − Φ curve is mostly linear for high green laser power. From Eq. (2) we see that if the k r term dominates, then the steady state atomic iodine density goes as the square root of the green photon flux,
/ r , yielding a maximum atomic iodine density [I] max ~ 3.9 × 10 15 cm −3 for our maximum green laser power of 5 W. On the other hand, if the k w term is dominant, the relation is linear, [I] = σ[I 2 ]Φ /k w . The experimental curve for the DMDCS coating doesn't show too visible a curvature, implying that the loss of atomic iodine occurs mostly as adsorption to the walls. For the rest of the coatings investigated, the wall adsorption was even more dominant as a loss mechanism.
For the DMDCS coated cell at 290.5 K, the steady state atomic iodine density achieved at peak green laser power, [I] = (0.89 ± 0.06) × 10 15 cm −3 , is only a factor of ~4 lower than the maximum value in the absence of wall recombination, [I] max , given above.
We note that a somewhat better fit to the data can be obtained by adding more detailed processes, such as the formation of an I 3 intermediate 19 , adding a dependence to k w on [I], or including the electronic excitation of I 2 molecules from absorption of 532 nm light. However, the study of such effects is left for future work, particularly for measurements at higher [I] densities, where contributions that deviate from Eq. (2) should appear more strongly.
Finally, we note that, although it is known that angular momentum of I( 2 P 3/2 ) atoms are aligned due to the photodissociation dynamics 22 , we observe no evidence of alignment (i.e. no difference in the absorption spectra is observed, for the photodissocation and probe laser polarization directions being parallel, compared to being perpendicular). This depolarization is caused by the thousands of collisions each atom suffers, with I 2 molecules and the cell surface, before recombination.
Effect of surface coatings and [I 2 ] on produced I density. Coatings. We measured I-atom density for five different cell surfaces: paraffin, dichlorodimethylsilane (DMDCS/Si(CH 3 ) 2 Cl 2 ), perfluorodecyltrichlorosilane (FDTS/C 10 H 4 Cl 3 F 17 Si), dilute phosphoric acid (H 3 PO 4 ), and, of course, no coating. Paraffin coating has been widely used in atomic physics for many decades 23 , acid coating has been used to prevent iodine atom cell-wall recombination 17, 24 , whereas DMDCS and FDTS coatings are used routinely on glass 25 . Absorption measurements were performed for the various coated cells, and the corresponding peak absorption values, which are directly proportional to the atomic iodine densities, are presented in the bar-chart of Fig. 2a . Although the performed study was far from exhaustive and long term performance (over months) of the coatings was not determined, from Fig. 2a we can draw some important conclusions:
• The best wall-recombination suppression was achieved with the DMDCS coating.
• FDTS, which was applied similarly, did not exhibit the same levels of performance. Moreover, both the DMDCS and the FDTS coatings started to deteriorate over a few days period, most probably due to passivation of the surface by molecular iodine.
• Our first try in applying a paraffin coating on the cell walls resulted into thick layers with rugged surfaces, which caused iodine to stick at very high rates. Performance was similar to no coating at all, if not worse. Applying into thiner and smoother layers might have resulted in better performance, but, since DMDCS provided an excellent combination of ease of application and wall-sticking-prevention operation, paraffin was not investigated further.
• Application of dilute phosphoric acid performed better than no coating, however it was not investigated further, especially as the application of the DMDCS was much easier in comparison.
• The uncoated cell exhibited the worst performance, yielding atomic iodine densities more than an order of magnitude smaller than the ones obtained in the DMDCS-coated cell. Continued exposure to molecular iodine, though, improved these values, possibly due to coating of the walls with solidified molecular iodine.
I 2 density.
For the DMDCS coated cell, we repeated the absorption measurement procedure with the I 2 holder immersed in ice. The temperature of the created cold spot (0 °C) determines the vapour pressure of I 2 inside the cell. However, this only affects the density of molecular iodine, and not the remaining parameters (cell temperature, recombination rates etc.), as the vapour is quickly thermalized. Varying the green laser power and repeating the fitting process for each individual hyperfine absorption peak, we arrive at the results plotted in Fig. 2b , where the room temperature results of Fig. 1b are plotted in the same figure for comparison. We see that reducing the temperature leads to the production of lower atomic iodine densities, due to the reduced molecular iodine vapour pressure. Therefore, raising the temperature is expected to increase the production of atomic iodine, until the photodissociating light is depleted.
Conclusions
Our measurements demonstrate the steady-state production of I densities of about 10 15 cm
, and column densities of about 10 17 cm
, using 5 W of 532 nm light, and cells coated with DMDCS. Even higher I densities of about 10 16 cm −3 should be possible by using higher 532 nm laser power (e.g. 50-200 W commercial lasers are available), and by improving the cell coatings further. Increased photodissociation will also reduce the Lorentz width of the 1315 nm transition, which is beneficial for polarimetry applications 10 : indeed, collisional broadening by I 2 is about 2π × 7.7 (Mrad/s)/mbar, and by I about 2π × 3.2 (Mrad/s)/mbar 26 ) can reduce the linewidth to below 2π × 0.5 Mrad/s. This iodine-atom source can be used for various PNC measurements in iodine atoms, such as for the measurement of the weak nuclear charge, Q weak , nuclear spin-dependent PNC effects (needed to resolve the inconsistencies between such measurements in Cs and Tl 1,2,27 , and with theoretical calculations [28] [29] [30] [31] ), and for isotope-dependent PNC effects 32, 33 . This method seems promising for the production of high atomic densities from the photodissociation of other diatomic molecules, such as from O 2 or Br 2 .
Methods
The experimental setup used is shown in Fig. 3a . The probe IR laser (Toptica Photonics AG DL-Pro, P ~ 50 mW, continuously tunable around 1315 nm) is coupled to an optical fiber, and the fiber output beam propagates through the iodine cell. The beam of the photodissociating green laser (EKSMA Optics DPSS-532N-5000, P ~ 5 W CW, λ = 532 nm, bandwidth ~2 nm) is collimated to about twice the size of the IR beam using the spherical mirrors M1 and M2, and is injected to the iodine cell, counter-propagating to and overlapping with the IR beam. The input and output powers of the IR (green) laser are monitored by the PD IR/IN (PD G/IN ) and PD IR/OUT (PD G/OUT ) photodiodes (Thorlabs GmbH, models DET10N for the IR and DET36A for the green), respectively. The photodiode readings on the oscilloscope are calibrated to correspond to the actual powers of the two lasers incident to and transmitted from the iodine vapour, taking into account the transmission losses of the two windows. Mirrors M3, M4 and M5 are coated for 532 nm, and induce minimal losses to the power of the IR laser traversing them. Mirror M4 is used to dump most of the output green power, so as to minimize injection of green light into the IR fiber, and thus negative feedback to the IR laser, and to avoid saturating the PD G/OUT photodiode. The cell, shown in Fig. 3b , was a home design; it was 123 cm long, with an inner diameter of 8 mm, and was made of BK7. In the middle of the cell were the pump outlet and the molecular iodine holder, both with individual controlling valves, while two uncoated windows seal both ends. The vacuum pump connected to the pump outlet was an Agilent Technologies TriScroll 300, a dry-scroll pump not requiring oil for operation. The DMDCS (Sigma-Aldrich > 98.5%) and FDTS (Sigma-Aldrich > 97%) coatings were applied in Hellmanex cleaned cells, using the substance in liquid form and allowing it to evaporate overnight inside the cell, in a controlled, clean environment, at ambient atmospheric pressure. Iodine in crystalline form was acquired commercially from Sigma-Aldrich (99.999% trace metal basis; ID: 229695). The experimental procedure is outlined below:
1. Initially the cell is pumped down to ~10 −2 mbar and care is taken to ensure that, after pumping, the leak rate of the cell is insignificant within the time frame of the measurement (~1 min). 2. The pump valve is closed and the iodine holder valve is opened. The vapour pressure of molecular iodine reaches equilibrium (~0.22 mbar) within a few seconds, as confirmed by the transmitted green laser power reaching a steady state value. 3. The IR laser is switched on and scanned across the °→°5 P 5P 2 3/2 2 1/2 atomic iodine transition. The basic atomic absorption theory relevant to this transition is given at the end of this section. The transmission spectrum is observed on the oscilloscope and is averaged for approximately 1 min. 4. The green laser is switched off, and a minute-long, time averaged measurement of the transmitted IR light is taken, in the absence of atomic iodine, as the laser is still scanned over the same frequency range. This is to be used as a 100%-transmission reference measurement. A typical measurement pair (green ON/OFF) is shown in Fig. 4a for the F → F′ = 3 group of the °→°5 P 5P 2 3/2 2 1/2 transition, and the normalized absorption profile, resulting from the division of the green ON and OFF curves of (a), is shown in Fig. 4b . The combined measurements for the F → F′ = 2 and F → F′ = 3 transition groups is given in Fig. 4c , where the conversion of the horizontal axis from scan times to frequency detunings relative to the line center has been performed, using the known hyperfine constants of 127 I 34, 35 . 5. The cell is pumped down, the power of the green laser is varied, and the process is repeated. 6. The series of measurements described above is repeated for cells with different coatings and, for the same cell, with the iodine holder at two different temperatures.
A typical data set is obtained as follows: We vary the green laser power from zero up to its maximum value of ~5 W, and we extract the atomic iodine density from the optical depth calculated at each of the six observed absorption peaks (3 from the F → F′ = 2 and 3 from the F → F′ = 3 group). For each power value, we do this once as the IR laser is scanned from lower to higher frequencies, and once as it is scanned from higher to lower ones. We repeat the process as we decrease the green laser power from its maximum power down to zero. Note: from Fig. 1b we see that for relatively high green laser powers the measurement errors become significant. This was due to two main reasons: (a) instabilities of the IR power due to negative feedback of the green laser into the IR laser, and (b) variation of the IR laser power transmitted through the cell during the green-OFF measurements, as molecular iodine stuck to the windows forming an opaque layer (we note that with the green laser ON, the I 2 layer at the windows would be removed via photodissociation). These two factors caused the ON and OFF curves of Fig. 4a to not coincide, hence introducing significant errors in the calculation of [I] . Despite this, we see that Eq. (2) describes the observed data well.
Finally, a short description of the atomic theory formalism used in this work is given here. The °→°5 P 5P 2 3/2 2 1/2 transition of atomic iodine is a magnetic dipole transition with a nominal frequency of 1315.27 nm, between the ground 5 2 P 3/2 and the metastable 5 2 P 1/2 states, both of odd parity. The energy level breakdown of the transition is shown in Fig. 5a , and a typical transmission spectrum in Fig. 5b . There are two distinct groups of hyperfine transitions, the F → F′ = 2 (with F = 1, 2, 3) and F → F′ = 3 (with F = 2, 3, 4), red and blue detuned, respectively, by a few GHz from the nominal transition frequency.
For intensities well below saturation, the transmission of the IR light follows the Beer-Lambert law: where T is the ratio of transmitted (I OUT ) to incident (I IN ) intensity, ρ the number density of the atomic iodine vapour, σ the absorption cross section, and l the length of the cell. All frequency dependence of the transmission is contained in the expression for the cross section, which is given by 9 : , Γ = 2π × 3 Mrad/s, and Δ ω D = 2π × 148 Mrad/s (half-width at 1/e 2 value, for T = 290.5 K).
